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simulations. With consideration of identified simulation parameters by inverse modeling, some key process parameters including tool

dimensions and pre-bulging on the forming processes in sheet hydroforming were investigated and optimized. Based on the

optimized parameters, the sheet hydroforming process can be analyzed more accurately to improve the robust design. It proves that

the results from simulation based on the identified parameters are in good agreement with those from experiments.

Key words: hydromechanical deep drawing; inverse modeling; aluminum alloy; simulation

1 Introduction

Sheet hydroforming has many advantages such as
high drawing ratio, good part surface, and can be applied
widely in the versatile and low volume production with
miscellaneous materials such as aluminum alloys,
high-strength steel, stainless steel and titanium alloy. So,
it has been paid much attention in the industrial field of
aerospace and automatization[1—3]. Sheet hydroforming
includes many branches including so called hydro-
forming[4—6], deep drawing with hydraulic counter
pressure[7,8], hydromechanical deep drawing[9—-11],
hydrodynamic deep drawing[12,13], aquadraw[14,15],
hydraulic- pressure augmented deep-drawing process
[16,17], hydro-rim deep-drawing processes|18—20] and
hydromechanical deep drawing with uniform pressure
onto the blank[21], with the tooling and formed parts
shown in Fig.1. One of the main features for the last one
is that it has a clear boundary condition and the liquid
pressure in the die cavity can be loaded uniformly onto

the surface of blank, which is very suitable for
simulation. But, it is difficult to explore the optimal
forming parameters for the hydromechanical deep
drawing process in experiment. FEM is the most
effective way to predict the optimal process parameters.

The material models that are applied in simulation
will play an important role in the simulated results,
because in the simulation of hydromechanical deep
drawing, the blank has larger plasticity strain and
deformation than conventional deep drawing and the
blank thickness reduction ratio can be permitted up to
25%][22]. By means of different material models, maybe
an absolutely different result can be drawn out. It is
necessary to investigate which model is better compared
with the experiment. Before optimizing the forming
process, the material parameters should be optimized.

In this study, with respect to the results from
experiments in hydromechanical deep drawing with
uniform pressure onto the blank and based on the inverse
modeling, the totally structured secant method
proposed by HUSCHENS[23] and YAEB et al[24] was
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used for approximation of the quadratic model, which
was described as the inverse problem, and the trust-
region strategy was used to regulate the step size. By
using the optimized material parameters, the key process
parameters were analyzed virtually, which enhances the
knowledge base of sheet hydroforming used for
innovative design. To save CPU calculation time, the
inverse problem was solved primarily based on the
explicit dynamic code LS DYNA.

2 Tools and materials

The materials used were aluminium alloy
(Al6016-T4) with thickness of 1.15 mm and soft
aluminium (Al11050-HO) with thickness of 1.24 mm, and
their mechanical properties, as shown in Table 1, came
from the uniaxial test. All the experimental results were
based on the 375 t Lagan double-action press. The punch
speed can be adjusted from 10 mm/s to 30 mm/s freely.
The pre-bulging function could be realized and the
maximum pre-bulging pressure reached 30.0 MPa. The
flow rate of the pre-bulging pump was about 10 L/min.
The liquid pressure in the die cavity was controlled by a
proportional pressure valve, and the maximum pressure
of which can reach 70.0 MPa. The punch diameter d,
was 69 mm, the punch nose radius 7, was 5.0 mm, the
inside die diameter dq was 71.9 mm, the die entrance

radius rqy was 6.0 mm, the inside diameter of blank holder
dgg was 70.0 mm and the blank holder entrance radius
rpgwas 3.0 mm.

3 Optimization strategy

To evaluate the errors between the sample results
from experiments and the simulation, non-linear least
square methods were used to define an object function as
follows:

f@x)= %r(x)T ") (1)

where the variables x and function r(x) are constitutive
parameters and friction coefficients between the blank
and the tools and the residual vector, respectively. The
object function was approximated by a quadratic
function defined as

1
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Fig.1 Hydromechanical deep drawing with uniform pressure onto blank: (a) Tooling; (B) Formed parts using aluminum alloys
(drawing ratio: left 2.9, right 3.06)

Table 1 Mechanical properties for A16016-T4 and A11050-HO through uni-axial test

Blank Rolling Elastic modulus, Strain hardening Hardening coefficient, Anisotropy
materials direction/(") E/MPa exponent, 7 k/MPa factor, r
0 70 420 0.236 0 405.00 0.935
45 69 406 0.2500 407.00 0.388
Al6016-T4
90 74 115 0.2410 390.00 0.640
0 70 000 0.240 3 14048 0.810
45 70 000 0.280 5 152.40 0.640
Al1050-HO
90 70 000 0.2598 143.08 1.390
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where Vf{x) and H are the gradient and the Hessian,
respectively, G, is a symmetric » X n matrix containing
the derivatives of ri(x). If the residuals or second
derivatives are small, then the second order part of the
Hessian will approach zero and can be neglected, and
this approach is known as the Gauss-Newton method.
However, the method may perform poorly when the
residuals are nonzero in the solution or when the object

function is highly non-linear. The second order term was

therefore approximated as Z r(x)G; = A, by the
i=1
totally structured secant method(TSSM). The TSSM
belongs to the convex Broyden Class and the SRI-update
was used for computing the Broyden factor ¢ [23].
The step size s, was computed by solving the trust
region as follows:

min =Vf (x;)" s, +%skﬂsg,"sk”<Ak (6)
seR”
where Ay is the radius of the trust region. The sub-

problem was solved by applying the DCA-method [24].

It was found that the inverse problem cannot be
solved as an unconstrainted problem when the problem
holds multiple solutions. Box constraints were utilized to
the parameters, and bounds on the variables were
therefore applied within the trust-region framework. The
method was based on the affine scaling one used in
linear programming, where the box constraints were
introduced into the quadratic model (Eqn.(2)) by
introducing two scaling matrices, which yielded a
constrained quadratic model:

l/>(§k) = (§k+l)
= DS (5" + 35 DB +CODOSE ()

Sk :Dk§k+l (8)

The scaling matrices D; and Cj constrain the
solution space for the model quadratic y(s,) within
the bounds /,<<x,<<u,, where / and u are the lower and
upper bounds. The scheme does, however, not guarantee
a strictly feasible solution, and another method 1is
implemented to enforce feasibility by projecting the step
onto the feasible domain, which significantly improves
the performance. The main benefit from this approach is
that the bound constrained problem is reduced to the

solution of a quadratic model min (s, )s, <A,
seR”

4 Definition of objective function and vari-
ables

Primarily, for the 2D simulation, the object function

can be defined as Eqn.(9) to minimize the errors of the
punch force in compared with the
experimental results. The punch force can be collected
along the whole forming process:

simulation

m (fEXP _ pFEM)2
f(x) :O‘%Zg (9)

i=1 m
where the EXP and FEM extensions represent the
experimental data and simulated data from the finite
element analysis, respectively; F' represents the punch
force, m is the number of points for the punch force
curve, and a is the scaling parameter.

The process was simulated with the explicit code
LS-DYNA where the mass scaling was utilized to
improve the computational efficiency. Due to the mass
and time scaling, some scattering is present in the
punch-force profile produced by the FE-model. The
scattering yielded significant influence on the quality of
the gradient Vf{(x). In order to reduce the numerical noise
from the simulation, a Butterworth low-pass filter was
introduced [25].

Many process parameters influence the forming
process in sheet hydroforming, however they cannot be
determined accurately in experiment. In 2D simulation,
for meeting the needs and by using aluminium alloy
Al6016-T4, four parameters xo=[ty, Ha, k, n] were
considered initially in this optimization, where the
solution space is restricted with the lower bounds /=[0, O,
300, 0.2] and the upper bounds »=[0.2, 0.2, 600, 0.3].
Here, uy, is the friction coefficient between the punch
and the sheet, and py, 1s the friction coefficient between
the sheet and other tools. Material behaviour was
modelled as elastic-plastic one with exponential
hardening to meet the von-Mises yielding criterion.

Fig.2 shows the comparison of the punch forces
between the experiment and the optimization, and it can
be seen that the two curves keep reasonable familiarity
with each other. The blank diameter used is 160 mm. The
loading path for the liquid pressure in the die cavity is
given in Fig.3. Although at the initial forming period, the
punch force shows a strangely high value as indicated by
A (in Fig.2), and this error must exist as an experimental
measurement error. The optimized data are x=[0.144,
0.01, 422.6, 0.24]. Compared with Table 1, it can be
found that the optimized k value is quite different from
the result from the uni-axial test. Fig.4 shows the
comparison of punch forces between the experiment and
the simulation when applying the optimized data into
another analysis. The two curves are almost the same. In
this case, the blank diameter is 170 mm and the loading
path for the liquid pressure in the die cavity is shown in
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Fig.5, which proves that it is feasible to use this
optimization strategy and the measurement error can be
filtered.

In 3D simulation, the Barlat-Lian material model
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Fig.2 Comparison of punch forces from experiment and
optimization using A16016-T4
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Fig.5 Loading path of liquid pressure in die cavity for

verification using A16016-T4

was used and named as No.36 in the LS-DYNA
simulation to consider the effect of anisotropic property.
Besides that the four basic parameters xo=[tp0, fav, Kk, 7]
should be considered, because of its highly anisotropic
planar property of aluminium alloy Al1050-HO, another
three anisotropy factors [ry, 745, 7oo] Were also considered.
Here ry is the anisotropy factor along the rolling direction
of 0°, rys is the anisotropy factor along the rolling
direction of 45° and ry, is the anisotropy factor along the
rolling direction of 90°. The object function can be
defined as Eqn.(10) to minimize the errors of the punch
force and the flange ears’ shape in simulation compared
with the experimental result. The punch force can be
collected along the whole forming process:

m (F_EXP _F_FEM)Z

ﬂx)za?;TJr
j (D.EXP _D_FEM)Z (10)
ﬂ?; 3

where D represents the distance of the ear tip to the
centre of the cup and S is the scaling parameter. The
finally optimized data are x=[0.15, 0.049, 178.49, 0.22,
1.03, 0.749, 1.142]. Fig.6 shows the comparison of the
punch force between the experiment and the simulation
after the optimization. Table 2 lists the comparison of the
distances of the formed ear’s tips to the centre of the cup
between the simulation and the experiment. It can be

Table 2 Distances(mm) of ear’s tip to cup centre from

experiment and simulation

Ttem Rolling Rolling Rolling
direction, 0°  direction, 45°  direction, 90°
Experiment 55.1 41.0 55.0
Simulation 52.3 38.5 53.6
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Fig.6 Comparison of punch forces from experiment and

optimization using soft aluminum

found that the optimized material parameters keep
reasonable agreement with the experiment.

5 Analysis of key process parameters’ effect
using optimized material parameters

As described above, the optimized parameters from
the optimization meet the reality very well and can be
used to analyze the forming process and to predict the
process windows for the key process parameters. As it is
known, in the conventional deep drawing process, some
process parameters can be thought having no effect on
the forming process, such as the clearance between the
punch and the blank holder c,q, blank holder entrance
radius ry,. It 1s very important in the sheet hydroforming
because of the function of pre-bulging, as shown in
Fig.1(a). In the hydromechanical deep drawing, some
key process parameters must be considered, such as the
clearance between the punch and the blank holder cpq,
blank holder entrance radius ry, the gap between the
blank holder and the die G. To determine optimal values
for these parameters experiments will be largely time
consuming. Through the analysis in simulation based on
the optimized parameters, the design efficiency can be
improved to make a robust process design, and the
obtained results from simulation will be reliable. The
loading path of the liquid pressure in the die cavity is
shown in Fig.5 that is collected from the experiment and
the bank diameter is 160 mm.

Fig.7 shows the comparison of
distributions by using the different clearances between
the punch and the blank holder c,. In this figure, 0.87,
3.48 and 870 T mean that the clearances between the
punch and the blank holder are 0.87, 3.48 and 8.7 times

thickness

the original sheet thickness, respectively. It can be seen
that there is no big difference for the thickness
distributions by using the different ¢, Especially, the
wall thickness distributions around the punch nose keep
almost similar. Above the punch nose, the wall thickness
of sheet is a little larger when using a larger ¢, than a
smaller ¢y, In conventional deep drawing of cylindrical
cup, the clearance between the punch and the blank
holder is not very important for a successful forming and
only for pushing formed part from the punch, and if a too
large clearance is selected, the problems will occur when
removing the part from the punch. In sheet hydroforming,
a larger clearance between the punch and the blank
holder is permitted because of the function of the liquid
pressure in the die cavity. However, if pre-bulging
function is used in sheet hydroforming, too large ¢y, will
induce the over-stretching against pressing direction,
which will cause fracture.
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Fig.7 Comparison of thickness distributions by using different

clearances between punch and blank holder

Fig.8 shows the comparison of thickness
distributions by using the different blank holder entrance
radii when the clearance between the punch and the
blank holder is 3.48 T. In Fig.8, 2.61, 6.08 and 870 T
mean that the blank holder entrance radi are 2.61, 6.08
and 8.7 times the original sheet thickness, respectively.
Although the wall thickness distributions with different
blank entrance radii keep almost the same, difference
still can be found at the top of formed cups and around
the punch nose. This proves that using smaller blank
entrance radius is not well contributed to the forming
process, which will make the wall thickness distribution
thinner, even fracture.

Fig9 shows the comparison of
distributions by using the different gap between the die
and the blank holder. In Fig.9, 1.06, 1.30 and 1.74 T
mean that the gaps are 1.06, 1.30 and 1.74 times the
original sheet thickness, respectively. Obviously, it can
be found that in sheet hydroforming with fixed gap

thickness
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between the blank holder and the die, it 1s better to use a
bigger gap. But in reality, the concept of hydro-
mechanical deep drawing without a draw die can be
proposed and the draw die can be taken instead by liquid
in the die cavity.
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Fig.9 Comparison of thickness distributions by using different

gaps between blank holder and die

As described above, the concept of design in sheet
hydroforming is quite different from the conventional
deep drawing. The forming zones for some key process
parameters such as the clearance between the punch and
the blank holder, blank holder entrance radius and the
gap between blank holder and die can be enlarged so that
a robust process design can be realized.

6 Conclusions

1) Inverse modeling by using the non-linear least
square method to define the object function and by using
TSSM as an optimization strategy can determine the
constitutive parameters combined with the friction
coefficients, which keep a reasonable agreement with the
reality. The measurement error can be recorded and

acquired in this optimization of the sheet hydroforming.
Based on the optimized parameters, the sheet
hydroforming process can be analyzed more accurately
to improve the robust design.

2) In sheet hydroforming using aluminium alloy, a
design for a cylindrical cup with a large clearance
between the punch and the blank holder is permitted. The
optimal forming zone for the blank holder entrance
radius can be found, and a die entrance radius should be
within a scope in the practical design. Also, the gap
between the blank holder and the die can be so large to
remove the die if an effective sealing method can be
found.
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